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Ionization  in  the  earth's  atmosphere  can  have  significant  effects 
on  radio-wave  propagation  and  satellite  communications.  Adequate  compen¬ 
sation  of  these  effects  can  only  be  made  if  the  global  distribution  of 
ionization  can  be  specified  at  any  instant  in  time.  One  of  the  more 
promising  means  by  which  this  global  distribution  can  be  estimated  is 
remote  sensing.  Remote  sensing  can  be  done  either  by  directly  detecting 
the  ionization  or  by  indirectly  specifying  the  source  and  then  computing 
the  resulting  ionization  using  physical  models.  At  low-  and  mid- la titudes 
the  primary  source  of  ionization  is  ultraviolet  (UV)  radiation  from  the 
sun.  At  high  latitudes,  the  ionization  produced  by  particle  precipitation 
can  be  comparable  to  or  greater  than  that  produced  by  solar  UV.  In  gen¬ 
eral,  auroral,  particle  precipitation  is  highly  dynamic  so  that  specifi¬ 
cation  of  the  sources  at  high  latitudes  is  extremely  complex.  Fortunately, 
however,  the  most  common  typo  of  auroral  precipitation  is  also  the  most 
steady  and  .spatially  uniform.  The  aurora  produced  by  this  steady  and 
spatially  uniform  precipitation  has  been  referred  to  as  the  continuous 
aurora  [Whalen .  19831. 

In  contrast  to  the  discrete  auroia,  the  continuous  aurora  is  the 
site  of  E- region  ionization  that  is  fairly  constant  over  scale  lengths  of 
tens  of  kilometers  and  for  times  on  the  order  of  hours.  The  continuous 
aurora  lias  been  alternatively  referred  to  as  the  diffuse  aurora  or  the 
mantle  aurora.  The  distinction  between  these  terms  has  been  discussed 
by  Whalen  l 1983) .  In  general,  the  continuous  aurora  Is  produced  by 
electron  and  proton  precipitation  from  the  central  plasma  sheet  through 
p  i  tch-an-:  le  diffusion  [  Sharber ,  1.9*1 ! .  However,  the  principal  contribu¬ 
tors  to  K~  region  ionization  in  the  continuous  aurora  arc  precipitating 
electron--  with  energies  <■>•'  I  to  10  k<  -V .  WInningham  ct  al.  I  1978]  . 

!’•  ng  I  1 9  - :  .me!  Shat  lx  r  l  1 9*  1  I  have.  .:as  a  d  tin  energy  spectra  of  the 

-  !  -  c  f  ron  .  r  p  on  -  i  b  I «.  lor  the  d  ‘  !  iw.  aurora. 
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Because  it  is  the  most  common  and  widely  distributed  form  of  aurora, 
it  is  important  to  understand  the  continuous  aurora  in  terms  of  its  dis¬ 
tribution  and  its  sources.  In  this  paper,  we  use  ground-based  radar  and 
satellite  measurements  to  study  the  characteristics  and  sources  of  ioniza¬ 
tion  in  the  continuous  aurora.  The  radar  data  were  obtained  by  the 
incoherent-scatter  radar  at  Chatanika,  Alaska.  The  satellite  data  include 
measurements  made  by  the  DMSP  and  NOAA  satellites.  The  data  used  in  this 
study  is  described  in  the  next  section.  We  then  discuss  the  characteris¬ 
tics  and  sources  of  the  continuous  aurora  using  statistical  analysis  of 
the  radar  data  as  well  as  case  studies  involving  coordinated  satellite 
measurements . 
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II  EXPERIMENT  AI  TECHNIQUE 


The  radar  data  used  in  this  study  were  obtained  by  the  Chatanika 
incoherent-scatter  radar.  The  invariant  latitude  of  Chatanika,  Alaska 
is  64.8°,  which  makes  it  ideal  for  studying  the  continuous  aurora  in  the 
evening  and  morning  local-time  sectors.  A  useful  operating  mode  for 
this  type  of  study  is  an  elevation  seen  in  which  the  radar  scans  between 
the  north  and  south  horizons  in  the  magnetic  meridian  plane.  Each  scan 
takes  12  to  15  min  to  complete.  Electron  density  and  line-of-sight  ion- 
drift  velocity  is  treasured  as  a  function  of  latitude  and  altitude.  As 
the  earth  rotates,  the  measurements  provide  a  series  of  meridional  cuts 
through  the  auroral  zone.  If  the  auroral  pattern  is  stationary,  both 
the  latitudinal  and  longitudinal  structure  of  the  aurora  can  be  determined. 

The  meridian  scan  is  also  useful  for  coordinated  experiments  with 
polar-orbiting  satellites.  Polar-orbiting  satellites  provide  measurements 
as  a  function  of  latitude  across  the  auroral  zone.  These  measurements 
can  be  directly  related  to  the  latitudinal  profiles  of  ionization  and 
electric  field  deduced  from  the  radar  data.  In  this  study,  we  used  data 
from  the  DMSP  and  NOAA  satellites.  These  are  polar-orbiting,  sun- 
synchronous  a  Lei  1 i tt  s  that  carry  instrumentation  to  measure  precipitating 
particle  fluxes.  The  detectors  are  sensitive  to  particles  in  the  energy 
range  that  is  rost  important  for  production  of  ionization  in  the  auroral 
E  and  F  regions  '.hundreds  of  electron  volts  to  20  keV ) .  The  DMSP  satel¬ 
lites  data  u  ,t d  here  consist  only  of  measurements  of  precipitating  elec¬ 
trons.  1  h:  M)AA  sat  I  1  i  le  data  include  measurements  of  precipitating 
proton  t  lex.  a-  wt  :  !  .  None  ol  the  satellites  used  in  this  study  are 
■'upabl.e  ot  r-'asurl  n..  tli"  pitch-angle  distribution  of  the  incoming  particles 
Mowtvn  r.  •  !'.  t  •  or  and  proton  preci.p '  Cation  in  the  continuous  aurora  is 
fa!  rlv  i  ;•  .pi. i  1  rbc*. 
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I  LI  CHARACTERISTICS  0 ?  THE  CONTINUOUS  AURORA 


An  example  of  electron  densit'-  data  obtained  during  one  scan  through 
the  continuous  aurora  is  shown  in  Figure  1.  The  figure  shows  contours  of 
constant  electron  density  in  the  magnetic  meridian  plan.  The  horizontal 
axis  is  invariant  latitude,  so  that  magnetic  field  lines  are  approximately 
vertical.  The  data  in  Figure  1  were  obtained  during  a  coordinated  experi¬ 
ment  involving  four  rocket  launches,  the  Chatanika  radar,  and  the  Air 
Force  Geophysics  Laboratory's  airborne  ionospheric  observatory.  Results 
of  this  experiment  have  been  discussed  by  Swider  and  Narcissi  [1981], 
Robinson  [1982],  McMahon  et  al.  [1982],  and  Strickland  and  Daniell  [1982], 
Apparent  in  the  contour  plot  of  Figure  1  are  several  enhancements  in 

electron  density.  In  the  E  region,  there  is  an  enhancement  to  the  north 

5  3 

with  a  peak  density  of  3  X  10  el/cm  .  The  large  latitudinal  gradients 

at  the  edges  of  this  enhancement  indicate  that  it  was  probably  an  auroral 

arc.  In  contrast,  the  E-region  ionization  .south  of  this  arc  has  a  peak 

c)  3 

density  of  L.4  x  10'  el/cm  and  has  much  smaller  latitudinal  gradients. 

The  latitudinal  variation  of  the  weaker  enhancement  is  typical  of  the 
continuous  aurora.  Radar  data  from  scans  before  and  after  the  one  shown 
confirm  the  steadiness  of  this  feature.  Because  it  was  apparent  in  con¬ 
tour  plots  over  a  period  of  severa L  hours,  we  may  conclude  that  this 
aurora  was  extended  in  the  cast-west  direction. 

The  ionization  in  the  continuous  aurora  has  a  characteristic  latitu¬ 
dinal  distribution  that  Ls  exemplified  in  Figure  1.  That  is,  there  is 
■ally  a  single  peak  in  Latitude  with  a  symmetric  fall-off  on  either 
This  symmetry  has  been  studied  by  Wha len  [1983]  who  used  iono- 
-phe  .  sounder  data  to  show  that  the  latitudinal  distribution  of  ioni- 
-mt  ’  is  vi  ry  oiun  Gaussian.  By  using  a  chain  of  sounder  stations, 
hjjn  _j  L  i  9 s  1  ]  u.i  able  to  show  that  the  parameters  of  the  Gaussian  do  not 
ear;,  ^reatiy  with  longitude.  Examination  of  data  from  successive  radar 
'Cans  coni i r;  >  tin  longitudinal  homogeneity  of  the  continuous  aurora. 


is  consistent  with  the  conclusions  ot  Sharber  l  198.1  J  who  observed  that 
the  latitudinal  profile  of  proton  precipitation  was  approximately 
Claussian.  Combined  with  the  similarity  between  the  altitude  profiles 
in  the  electron  and  proton  aurora,  we  conclude  that  the  ionization  pro¬ 
duced  by  the  two  sources  is  very  similar. 

We  have  used  the  radar  and  satellite  data  lor  9  December  1981  to 
assess  the  accuracy  of  two  existing  codes  that  compute  electron-density 
profiles  from  precipitating  proton  fluxes.  One  code  is  based  on  the 
work  of  Rees  | 1982]  who  used  an  empirical  approach  that  assumes  coni inuim 
energy  loss.  An  alternate  formulism  has  been  developed  by  Jasper se  arid 
basu  f 1982]  using  linear  transport  theory.  Our  assessment  oi  these  codes 
however,  is  not  definitive  for  two  reasons.  First,  the  uncertainties  in 
the  calibration  of  t  lie  NOAA  6  proton  detectors  are  fairly  large.  A  com¬ 
parison  of  the  responses  of  the  NOAA  6  detectors  with  proton  detectors 
on  the  DMSP  Kb  satellite  during  conjunctions  of  the  two  vehicles  indicate 
that  i he  t  luxes  measured  by  NOAA  6  may  be  Loo  low  by  about  a  factor  of 
t  w  '  . 

Hie  second  reason  that  our  comparison  is  not  definitive  is  that  the 
NOAA  b  satellite  was  displaced  from  the  radar  meridian.  Because  we  can¬ 
not  say  if  i  lie  local  -t  Line  variation  displayed  in  Figure  7  is  spatial  or 
temporal  ,  the  ionization  actually  produced  by  the  fluxes  measured  ’ey  the 
satellite  is  somewhat  uncertain.  Despite  these  problems,  it  is  possible 
t"  make  det  inite  statements  about  the  relative  accuracy  of  Lite  two  codes 
ns  ’  n  t.  i  oned  above  . 

F.xamp  1  es  of  three  proton  spectra  measured  by  NOAA  6  in  the  9  Decernbc 
event  rite  shown  in  Figure  9.  They  were  obtained  at  three  different  lati¬ 
tudes  within  the  proton  aurora  and  were  chosen  to  provide  an  indication 
ol  the  range  of  spectra  observed  in  that  event.  Although  spectral  infor¬ 
mal  i  ■ >n  available  from  the  NOAA  b  proton  detectors  is  limited  to  the 
hndon  t  luxes  at  lour  energies,  proton  fluxes  at  other  energies  are 
es  i  i  rated  by  adding  two  additional  constraints  supplied  by  the  sateli  i  to 
:’n',  is  1 1  r  .  'men  t  s  .  These  include  the  integrated  energy  1  lux  between  300  eV 
uiii  20  ke”  inti  the  energy  at  which  the  proton  flux  maximizes.  The 
•  de it  i  'in  '  d  t  hese  const  taints  allows  a  reasonably  accurate  reconstruction 
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i  i'.  which  the  proton  fluxes  were  measured  by  the  NOAA  6  satellite.  The 
upper  panel  shows  the  electron  density  distribution  measured  by  the 
T  il.iiuk.i  radar  at  about  1 800  local  time  on  9  December  1981.  The  NOAA  b 
lea  are  shown  in  the  bottom  panel.  The  total  energy  flux  carried  by 

•  ’r  r.s  a'i.:  pr-  duns  is  shown  as  a  function  of  invariant  latitude. 

.  li'.a  sti  iw  that  between  bb°  anti  68°  the  proton  precipitation  had 

,  .  2 

i  '  ■  ;  m  !  v  d  about  it.')  ergs/cm  s.  The  corresponding  flux  carried  by 

2 

. n  this  r.-gion  is  less  than  0.01  ergs/cm  s.  Comparison  with 
■  i  i  i  ,  i-,.  i  ,  ■  i  the  I  igure  shows  that  this  flux  of  precipitating  protons 
i  r  i  ■  1  -  i  •  v  i  i  ui  ionization  witli  a  peak  of  about  1  x  10”*  el/cm\ 

•i  •  -  i  i  er  r  i  f  i  e.l  t  be  ionization  measured  by  the  radar  during  the 

>’ .  r  -•  ar  beginning  at  0332  UT  as  being  produced  by  proton  precipi- 
,  'is  possible  to  follow  the  development  of  the  proton  aurora  in 

•  >'  i  i  r  •  »:t.  suhseiptcnt  radar  scans.  Figure  8  summarizes  the  data  from 
.  ■.  ■  leva*  ion  s,  ans  beginning  at  0332  UT .  The  figure  shows  the  electron 

,  »  v  a'  i  5U-kt*  altitude  as  a  function  of  invariant  latitude  and  local 
'  .  :-e .  fiie  dashed  lines  indicate  the  locations  actually  sampled  by  the 
radar  during  each  scan  with  the  starting  time  of  the  scan  given  at  the 
bottom  of  the  trace.  Also  shown  in  the  figure  is  the  location  of  the 
\<)AA  t>  satellite  pass  in  i  nvar  i  an  t  - 1  a  t  i  tude  and  magne  t  i  c- loca  1  - 1  ime  coor¬ 
dinates.  Flic  latitudinal  range  within  which  protons  dominated  the  pre- 
>  ipitai ion  is  shown  by  the  cross-hatching  superimposed  on  the  trajectory. 

At  tin'  time  ol  the  pass,  the  radar  was  executing  the  scan  beginning  at 
i;d)U  local  time.  thus,  Lite  satellite  was  displaced  one  to  two  hours  in 
local  t  ime  to  the  west  of  the  radar. 

There  are  several  features  to  note  In  Figure  8.  First,  the  equator- 
ward  edge  of  the  proton  aurora  is  slanted,  extending  to  lower  latitudes 
at  later  local  times.  Ibis  slant  is  consistent  with  that  of  the  statis¬ 
tical  auroral  oval.  Second,  the  proton  aurora  is  more  intense  at  later 
local  times.  This  is  either  a  real  spatial  variation  or  is  the  result 
ot  a  temporal  variation  over  the  two  or  three  hours  required  by  the  radar 
to  sample  these  local  times.  Finally,  the  latitudinal  variations  in  the 
ionization  are  similar  at  different  local  time's.  That  is,  the  ionization 
has  a  ( on! r.il  peak  with  a  gradual  decrease  on  either  side.  This  behavior 


lb 


contours  of  electron  density  computed  from  the  DMSP  electron  spectro¬ 
meter  data .  Only  the  fluxes  of  electrons  with  energies  greater  than 
1  keV  were  used.  The  computed  profiles  agree  very  well  with  those 
measured . 

B.  Protons 

The  calculations  used  in  Figure  5  have  been  performed  on  numerous 
data  sets  when  good  coordinated  measurements  were  available  over  the 
continuous  aurora.  In  general,  the  agreement  between  calculated  and 
observed  ionization  is  excellent.  However,  on  several  occasions  the 
radar  data  has  indicated  the  presence  of  significantly  more  ionization 
than  can  be  explained  bv  the  measured  electron  fluxes.  Examples  of  two 
such  data  sets  are  shown  in  Figure  6.  Figures  6(a)  and  6(b)  are  electron 
density  contour  plots  constructed  from  radar  elevation  scan  data.  Figures 
6(c)  and  6(d)  show  the  electron  density  derived  from  simultaneous  electron 
flux  measurements  from  the  DMSP  F U  satellite,  assuming  that,  precipitating 
electrons  were  the  only  source  of  ionizations.  In  contrast  to  Figure  r> , 
these  two  examples  indicate  the  existence  of  substantial  E-region  ioniza¬ 
tion  equatorward  of  electron  precipitation.  We  attribute  the  excess 
ionization  to  precipitating  proton  fluxes  because  protons  are  the  only 
other  significant  ionization  source  in  the  nighttime  ionosphere.  In 
both  cases  the  transition  between  proton  aurora  and  electron  aurora  is 
apparent  as  a  ledge  in  the  I  owes  t  altitude  ifintnur.  finis  ,  the  electron 

precipitation  produces  i  fir:  i  zu  t  ion  at  lower  altitudes  than  the  proton 

precipitation.  The  ionization  within  the  region  of  proton  precipitation 
peaks  at  about  1  x  10  el/cm^  at  I 30-km  altitude.  Except  tor  the  ditfer- 
erenco  in  the  altitude  of  maximum  penetration,  the  two  turoras  are  vrt'V 

s  i  m  i  1  a  i  .  This  is  true  also  ro  r  the  1  a  t  i  t  ltd  i  in  1  di  s  t  i  i  but  ion  .  Hu¬ 

la  t  i  t  ud  i  na  1  v.iriu'bn  in  peak  density  in  the  proton  aut'-t.i  is  similar 
enough  ti.  that  in  :  !  •  •  ••  1  ee  f  rott  aurora  that  it  won  1  d  lu-  d  i  fl  Mult  to  dis¬ 
tinguish  the  two  from  ionization  mens  iremcn'  s  alone. 

Mi  'he  above  examples  the-  presence  of  proton  pro  i  p  i  t  at  ion  could 
not.  he  i  iin-ncd  in  cause  ui  the  lack  n(  a  proton  qit't  t  ronet  or  on  the 
DMhi’  i  *  s  t  ‘  ■  *  1  ;  t  <  .  Hi  i-wi  v  ■  r  ,  I1  i  go  -  ■  -  7  • .  h '  *w  .  m  •  ■  \ .  imp  1  *  ■  <  u  , t  proton  . 1 1 1  r  '  a  ,  i 


FROM  SIMULTANEOUS  A 


auroras.  Wo  see  immediately  that  the  differences  between  the  two  are 
at tr ibutable  to  the  different  energy  fluxes  and  characteristic  energies 
of  precipitating  electrons  in  these  two  local-time  sectors. 

An  alternate  set  of  parameteis  that  are  useful  in  characterizing 
the  ionization  in  the  continuous  aurora  is  the  he ight - integrated  Hall  and 
Pedersen  conductivities  computed  from  the  ionization  profile.  Tn  addi¬ 
tion  to  being  useful  in  estimating  the  electron  source  characteristics 
they  also  have  application  to  problems  in  which  auroral  electrodynamics 
are  important.  The  relations  between  Hall  and  Pedersen  conductance  and 
the  properties  of  a  Maxwellian  electron  beam  have  been  described  by 
Vickrey  et  al.  [1981],  These  relations  indicate  that  ionization  in 

the  evening-sector  continuous  aurora  can  be  attributed  to  a  source  of 

3 

density  between  0.1  and  0.6  el/cm  and  characteristic  energies  between 
0 . 8  and  1 . 6  keV . 

An  additional  ramification  ol  the  Maxwellian  nature  of  continuous 
auroral  precipitation  is  that  spei  tropho tome  trie  techniques  for  deter¬ 
mination  of  the  ionization  profile  work  especially  well.  These  techniques 
use  measurements  of  auroral  emissions  at  two  wavelengths  to  infer  the 
average  energy  and  energy  flux  of  the  precipitating  electrons  [Rees  and 
Luckey ,  1974].  When  the  incoming  spectrum  is  Maxwellian,  the  ambiguities 
involved  in  these  calculations  are  minimized.  Examples  of  Ionization 
profiles  deduced  from  photometric  measurements  at  two  wavelengths  have 
been  presented  by  Vondrak  and  Sears  [1978]  and  Mende  et  al.  [1984]. 

The  energy  deposition  codes  described  above  can  also  be  used  to 
reconstruct:  the  altitude  profile  of  ionization  from  high-altitude  measure¬ 
ments  of  precipitating  electron  fluxes.  Vondrak  [1981]  has  demonstrated 
the  capability  of  deriving  E-region  ionization  profiles  from  satellite 
measurements  of  electron  fluxes.  An  example  of  these  calculations  for 
electron  fluxes  measured  over  a  cont inuous  aurora  is  shown  in  Figure  5. 
t'-on l.mirs  ol  electron  density  measured  by  the  Chatanika  radar  during  an 
elevation  scan  in  the  magnetic  meridi  in  plane  are  shown  in  the  upper 
panel  of  the  figure.  Simultaneous  wi  h  the  scan  was  a  pass  of  the  DMSP 
F4  satel’ite.  The  location  of  the  pa-.s  was  approximately  along  the 
magne*  :<  meridian  within  100  km  of  Chatanika.  The  bottom  panel  shows 

1  ! 


where  E  is  in  keV.  The  density  at  the  peak  is  relatively  insensitive 
o 

to  characteristic  energy  but  increases  as  the  square  root  ot  the  energy 
flux.  Approximate  expressions  relating  t^E  and  n|naxE  t °  energy  flux 
independent  of  the  characteristic  energy  are 


f  E  =  3.18  4>  [MHz] 
o 


n  E  =  1 .25  *  IQ'  4>'5  [  cm"3  J 
max 


where  $  is  the  energy  flux  in  ergs/cm  s.  Equation  (2)  is  very  close  to 
the  relation  between  f  E  and  energy  flux  derived  experimentally  by 
Sharber  [ 1981 ] . 

As  a  demonstration  ot  the  way  in  which  these  relations  can  be  used 

to  characterize  the  continuous  aurora,  we  show  in  Figure  4  the  range  in 

h  E  and  n  E  observed  in  the  evening-  and  morning-sector  continuous 
max  max 
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IV  SOURCES  OF  THE  CONTINUOUS  AURORA 


A .  Electrons 

Sharber  I  1481  ]  presort  tod  ISIS  2  satellite  data  to  show  that  the 
continuous  aurora  is  primarily  produced  by  precipitating  electrons  whose 
d t l  l r rent  i a  1  number  spectrum  is  approximately  Maxwellian  for  energies 
greater  t  Iran  about  I  keV.  We  can  calculate  the  ionization  profile  pro¬ 
duced  by  precipitating  electrons  in  the  altitude  range  up  to  about  200  km 
using  any  of  several  auroral  energy  deposition  codes  (Rees,  1963;  Walt 
et.  al.,  ]9p9;  Berger  et  al.,  1970;  Banks  et  al.,  1974;  Jasperse  and 
Strickland,  1981  1.  An  example  is  shown  by  the  solid  curve  in  Figure  2, 

which  was  computed  using  a  Maxwellian  energy  spectrum  with  a  character- 
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istic  energy  ( F  ^ )  of  1  keV  and  an  energy  flux  (<t>)  of  2  ergs/cm  s.  The 
resulting  profile  is  very  similar  to  those  observed. 

The  significance  of  the  Maxwellian  nature  of  precipitation  in  the 
continuous  aurora  is  that  the  spectrum  and  the  resulting  ionization  pro¬ 
file  can  be  uniquely  described  by  two  parameters.  For  example,  a  useful 

set  of  parameters  is  the  electron  density  at  the  E-region  peak  (n  E) 

max 

and  the  altitude  of  the  peak  (h  El.  Figure-  3  shows  f  E.  n  E,  and 

max  o  max 

h  E  as  a  fund  ion  of  the  characteristic  energy  of  the  Maxwellian.  The 
max 

calculations  were  done  using  an  energy  deposition  code  based  on  the  tech¬ 
nique  described  by  Rees  T1963],  The  results  show  that  the  height  of 
the  maximum  F.-region  density  depends  only  on  the  characteristic  energy. 
The  altitudes  above  and  below  the  peak  at  which  the  density  falls  to 
8U  percent  of  the  peak  density  are  also  shown .  For  smaller  values  of 
K  ,  the  peaks  are  broader  and  higher.  An  approximate  expression  relating 
h^  K  to  characteristic  energy  independent  of  energy  I  lux  is 

h  K  -  -  1  3 . 6  1  n  (  F.  )  +  1 28  I  km  J  (11 

ma  x  o 


The  altitude  distribution  of  ionization  in  the  continuous  aurora  is 

shown  in  Figure  2,  in  which  data  from  five  profiles  in  Figure  1  have  been 

superimposed.  The  range  in  n  E  is  from  1  to  2  X  10“>  el/cm3.  The  alti- 

max 

tude  of  peak  density,  h  E,  is  from  120  to  140  km.  The  peak  is  often 
r  max  r 

broad  and  difficult  to  identify.  Below  the  peak  the  ionization  falls  of! 
rapidly  while  abc^v  the  peak  a  much  slower  decrease  is  observed.  Electron 
densities  in  the  continuous  aurora  below  90  km  are  usually  less  than 
104  el/cm3. 


FIGURE  9  PRECIPITATING  PROTON  ENERGY 

SPECTRA  MEASURED  BY  NOAA-6  AT 
THREE  SELECTED  LATITUDES 

of  the  actual  spectrum.  The  spectra  shown  in  Figure  9  are  approximately 

Maxwellian  with  temperatures  between  5  and  7  keV.  The  energy  flux  varies 

2 

between  0.1  and  0.6  ergs/cm 

Electron  density  profiles  computed  from  the  two  codes  using  these 
three  spectra  as  input  arc  shown  in  Figure  10  (a),  (b),  and  (c).  Also 
shown  in  Figure  10  are  electron  density  profiles  measured  by  the  radar 
in  the  proton  aurora.  Because  of  the  displacement  between  the  radar 
meridian  and  the  satellite  ground  tragic,  the  correct  profile  to  use  for 
comparison  cannot  be  determined .  Ratier  than  try  to  choose  a  profile  at 
the  same  invariant  latitude,  we  chose  instead  profiles  whose  peak  densiti 
'were  approximately  equal  to  those  computed  from  the  codes.  For  profiles 
in  which  the  peak  densities  computed  with  the  two  code ~  did  not  agree, 
wc  chose  a  profile  with  peak  density  equal  to  the  average  of  the  two. 
Although  thj  ;  selection  process  -  is  somewhat  arbi  trary,  it  allows  us  to 
rake,  sot  c  state  runts  about  the.  accuracy  of  each  mode!.  1  n  particular, 
wc  note  from  Figure-  10  that  Lite  code-  ha.se  <!  on  linear  transport  theory 
models  the  decrease  in  density  with  a  titude  above  the  peak  retch  "ore 


ELECTRON  DENSITY  —  cm 

FIGURE  10  ELECTRON  DENSITY  PROFILES  COMPUTED  FROM  TWO 
PROTON  ENERGY  DEPOSITION  CODES  USING  THE 
SPECTRA  SHOWN  IN  FIGURE  9 
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FIGURE  10  (continued) 
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accurately  than  the  continuous  eneigy  loss  approach.  In  addition,  the 
continuous  energy  loss  approach  yields  E-region  peak  altitudes  signifi¬ 
cantly  lower  than  those  indicated  by  the  radar  profiles.  Thus,  this 
comparison  indicates  that  the  linear  transport  theory  gives  a  more  accurate 
representation  of  the  altitude  distribution  of  ionization  produced  by  pre¬ 
cipitating  protons. 

0.  Photo  ion  i /.a  t  i  on 

A  third  possible  source  of  continuous  E-region  ionization  is  photo- 
ionization.  To  assess  the  contribution  t  rom  this  source,  we  examin.d 
Chatanika  radar  data  obtained  on  I;  diflcrent  days  during  the  past  ten 
years  [Robinson  and  Vondrak  ,  1^841.  To  study  the  'oni/ition  produi  <-d 

exclusively  by  photo  i  on  i /.a  t  i  on  ,  we  chose  magnetically  quiet  days  that 
ensured  the  absence  of  particle  precipitation.  We  sorted  the  data 
according  to  solar  zenith  angle  and  solar  flux.  Four  solar  flux  cate¬ 
gories  were  defined  based  on  the  10.7-cm  solar  flux:  Sa  -  80  to  120, 

Sa  =  120  to  1 bO ,  Sa  -  160  to  200,  and  Sa  =  200  to  240.  The  result  of 
averaging  the  profiles  w i t  it  i n  each  bin  is  shown  in  Figure  II.  Average 
profiles  for  each  of  the  four  solar  flux  intervals  are  shown  for  solar 
zenith  angles  of  ,  fib1',  and  81°.  These  results  show  that  for  solar 
zenith  angles  less  th.,:'  f>r>",  photo  ion  i  zat  i  on  produces  E-region  densities 
comparable  to  those  observed  in  t he  font inuons  aurora.  Also,  the  ionization 
at  the  E-region  peak  can  change  by  more  than  a  I  actor  of  two  between  t  lie 
lowest  ant!  highest  levels  of  solar  flux. 

We  comp. ire  the  ionization  produced  by  solar  i  1  luminal  ion  to  the 
equivalent  flux  of  precipitating  electrons  in  Figure  12.  During  the 
maximum  years  of  the  solar  cycle,  when  the  10.7-cm  solar  flux  can  exceed 
200,  pho t o i on i za t i on  can  he  as  elfoclive  in  ionizing  the  h  region  as  an 
electron  beam  of  I  erg/cm  s  even  for  solar  zenith  angles  as  large  as  7ri". 

At  a  geographic  latitude  ot  70r  in  summer,  the  solar  zenith  angle  is  less 
than  7V’  *  or  frost  ot  tire  day.  Her. arise  the  ionization  produced  hy  solar 
illumination  varies  slowly  with  latitude,  this  source  can  produce  ioniza¬ 
tion  in  the  k  region  with  a  latitudinal  d  i  s  t  t  i  bu  t  i  on  similar  to  that  in 
the  <  on  t  i  nui r  is  aurora. 


SOLAR  ZENITH  ANGLE,  X  —  degrees 


FIGURE  12  ENERGY  FLUX  OF  PRECIPITATING  ELECTRONS  THAT 

PRODUCE  THE  SAME  IONIZATION  AS  PHOTOIONIZATION 
FOR  SOLAR  ZENITH  ANGLES  BETWEEN  35°  AND  85° 
AND  10.7-cm  SOLAR  FLUX  BETWEEN  80  AND  200 


V  CONCLUSIONS 


Although  precipitating  electrons  account  for  most  of  the  ionization 
in  the  continuous  aurora,  other  sources  may  also  be  present  that  contri¬ 
bute  comparably  to  E-region  electron  density.  Proton  precipitation  can 
produce  an  E  region  with  densities  greater  than  10^  el/ cm^  at  altitudes 
between  120  and  130  km.  In  the  examples  shown  here,  this  occurred  close 
to  local  dusk  at  latitudes  equatorward  of  the  electron  precipitation. 
However,  we  have  little  information  about  what  combination  of  circum¬ 
stances  create  such  intense  fluxes.  Photoionization  can  also  produce  E- 
region  densities  comparable  to  those  found  in  the  continuous  aurora. 

The  ionization  produced  by  these  three  sources  can  be  fairly  accur¬ 
ately  determined  when  information  is  available  about  the  intensity  of  the 
source.  For  precipitating  electrons,  a  straightforward  energy  deposition 
code  can  be  used  to  compute  the  electron  density  profile  between  90-  and 
160-km  altitude.  Because  the  energy  distribution  of  precipitating  elec¬ 
trons  is  approximately  Maxwellian,  accurate  spectral  information  can  be 
obtained  by  spect rophotometric  techniques.  For  precipitating  protons, 
further  testing  of  the  codes  that  compute  altitude  profiles  of  ionization 
from  proton  spectral  information  needs  to  be  performed.  Our  preliminary 
analysis  indicates  that  linear  transport  theory  provides  more  accurate 
results  than  codes  based  on  continuous  energy  loss.  Precipitating  proton 
energy  spectra  are  also  approximately  Maxwellian.  However,  spec trophoto- 
metric  techniques  for  determining  the  parameters  of  the  Maxwellian  have 
yet  to  be  developed.  Finally,  ionization  produced  by  solar  illumination 
depends  on  solar  zenith  angle  and  F  10.7-cm  solar  flux.  A  statistical 
study  based  on  Chatanika  radar  data  indicates  that  the  altitude  profile 
of  ionization  from  photoionization  can  be  accurately  determined  from 
these  two  quantities. 
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